, grown at 20°C (non-hardening conditions) and at 4-6°C (cold-hardening conditions), has been separated into three different forms by gel filtration. In Rescue wheat, the complement of different forms of invertase from the leaves did not change greatly when the plants were grown at different temperatures. In Kharkov 22 MC grown at 20°C, the quantity of the medium-molecular-weight form of invertase was much greater than that of the high-molecular-weight form of invertase; however, when this variety was grown at 4-6"C, the relative quantities of these two forms of invertase were reversed. This change in the ratio of the different forms of invertase in the leaves appears to be associated with the process of cold-hardening.
Introduction
Experiments on the purification of invertase (EC 3.2.1.26) from the leaves of wheat (Triticum aestivum L. emend Thell. ssp. vulgare) showed that this enzyme could be divided into three forms on the basis of the apparent size of the molecule (31) . Preliminary tests suggested that the proportions of these three forms of invertase present in the leaves changed as the variety Kharkov 22 M C developed cold-hardiness. The present study was undertaken to determine whether this change in invertase complement was associated with cold-hardening or whether this change was a response to growth at low temperatures such as has been observed in the complement of the peroxidase isozymes of wheat leaves (29) . Several light regimens were used to check for possible effects of light on the changes in proportions of the different forms of invertase present in the leaves. A preliminary report of these experiments has been published (30) .
Materials and Methods
Seeds of Kharkov 22 MC, a very cold-hardy winter wheat, and Rescue, a cold-sensitive spring wheat, were planted by broadcasting over vermiculite (No. 3 grade) in flats (25 x 35 cm) and covering them with vermiculite. The plants were watered with a modified Hoagland's No. 1 nutrient solution (12) with iron supplied as ferric citrate (75 mgllitre). The plants grown at 20°C were watered to excess six times per week, and those grown at 3-6'C were watered three times per week. The excess nutrient drained through holes in the bottom of the flats. Six different growing conditions were used: (i) greenhouse in February (about 15-25°C) with natural daylight (about 10 h) plus a 7-h increase in day length provided by supplzlnentary incandescent light; (ii) 20°C and continuous light as described earlier (28); (iii) 6°C and continuous light as described earlier (28); (iu) 21°C in a growth cabinet with a 16-h day of 1500 ft-c provided by cool-white fluorescent tubes and 100-W incandescent bulbs; (0) daylnight temperatures of 6 and 4°C with 16-h day at 900 ft-c supplied by cool-white fluorescent tubes plus 25-W incandescent bulbs; and (ui) 3°C with 16-h day at 1500 ft-c provided by cool-white fluorescent tubes and 40-W incandescent bulbs. Plants grown at 15'C or warmer are referred to as warm-grown plants and those grown at 6°C or cooler are cold-grown plants.
Data on cold-hardiness have been published earlier for Rescue and Kharkov 22 MC under conditions (ii) and (iii) above (28), for Kharkov 22 MC grown under conditions (u) and (ui) above (26) , and for Kharkov 22 MC grown for various durations under condition (u) above (32) . Unpublished data on Rescue grown under condition (ui) above indicate that after 48 h freezing, no plants survived at -15°C and less than 20% survived at -10°C. Kharkov 22 MC grown under condition (oi) above and frozen for 48 h showed in excess of 80% survival after freezing at -15°C and 95-100% survival after -10°C.
The experiments were repeated on different populations of plants seeded at various times. The leaves were harvested at the times shown in Table 1 . Juice was prepared from the leaves and the phenols were partially removed from it with Polyclar AT (31). The juice was then acidulated with acetate buffer and the invertase was partially purified by gel filtration (Sephadex G-200) and in some cases also by electrofocusing as described earlier (31) . The juice from Kharkov 22 MC leaves grown at 3°C was too viscous to permit removal of the Polyclar AT by filtration so it was removed by squeezing the preparation through four layers of cheesecloth.
The preliminary assay of the invertase content of fractions derived from the partly purified wheat-leaf juice by gel filtration was performed as described earlier (31) . These results were used to determine the elution profile of enzyme activity and to identify the fractions containing maximum invertase activity.
Since these preliminary assays were conducted at room temperature and since incubations were quite short (1-2 min) for some groups of samples, more accurate peak heights of enzyme activity were needed. Therefore, invertase activity in the most active fractions and in the 6 to 10 fractions centering around the most active fractions from each of the different peaks of activity was assayed more accurately at 25°C as follows. Each enzyme sample (1 mi) was incubated 20 or 30 min with 2 ml of 0.05 M acetate buffer containing 2% (w/v) sucrose (27). Reducing sugar was determined (17) in 1-ml initial and final samples from the digests. The alkaline copper reagent, used in sugar determination, served also to inactivate the invertase. Samples from the more active peaks required dilution with buffer before they could be assayed accurately. Samples of fractions containing peak I1 invertase (31) from plants grown at 20°C had to be diluted immediately before assay to avoid loss of activity, even though the undiluted preparations retained appreciable activity for long periods (several months at 0.5OC in the presence of thymol).
The plot of invertase activity against elution volume from the Sephadex G-200 column was redrawn using the accurate invertase assays at 25°C to plot the points around the peaks. The other points were determined by adjusting the preliminary assay values in proportion to the change in the corresponding peak values from the preliminary to the more accurate assay results. Total activity for each peak was determined from the area under the curve (invertase activity vs. elution volume) for each peak. The area corresponding to peak I1 invertase was arbitrarily called 1 .OO and the areas corresponding to peaks I and 111 invertase were expressed as multiples of the area corresponding to peak I1 invertase.
The data are presented as ratios of peak areas since it is known (31) that the method of preparation of the juice does not yield quantitative recoveries. It does not, however, greatly change the proportions of peak I to peak I1 invertase in preparations from warm-grown plants (31) .
Results
The invertases from the leaves of both varieties grown at both high and low temperatures fall into three size groups (31) labelled peaks I, 11, and I11 in Fig. 1 . Peak I invertase behaves as a large molecule eluting in the void volume (31) . Since carbohydrate is associated with this peak (unpublished data), the invertase of peak I may be either a glycoprotein or a protein-carbohydrate adsorption complex. The shape of peak I1 is variable, usually shows shoulders (Figs. 1A and ID), and often appears as two overlapping peaks (Fig. 1B) . Because peak I1 invertase is a complex of different molecules varying in size between 50 000 and 130 000 daltons (31), the areas under the curves of invertase activitv against elution volume were used instead of actual peak heights for quantitation of the forms of invertase present. Peak I11 invertase is a basic protein (31). The proportions of the different invertases present in the leaves of Kharkov 22 M C wheat changed dramatically when plants were coldhardened ( Figs. 1A and 1C ; Table 1 ). There was more peak I invertase than peak I1 invertase in cold-hardened Kharkov 22 M C wheat leaves, with one exception. In contrast, unhardened Kharkov 22 M C wheat leaves contained seven or more times as much peak I1 invertase as peak I invertase. The changes in proportion of peak I11 invertase were not so striking, but with two exceptions cold-grown Kharkov leaves contained a higher peak I11 : peak I1 invertase ratio than did warm-grown leaves. There was so little peak I11 invertase in warm-grown leaves that its presence was not recognized until plant material grown at 4 6°C was examined.
In Kharkov 22 MC leaves produced at 46"C, the proportions of the different invertases present did not change convincingly as the plants aged from 5 to 14 weeks ( Table 1 ). The leaves of plants grown for 2, 3, or 4 weeks at 21°C contained similar proportions of the three forms of invertase.
Kharkov leaves that were grown in the greenhouse were similar in invertase complement to those grown at 20°C or 21°C under artificial lights (Table 1) (31) .
When Rescue wheat was grown at hardening temperatures, the proportion of peak I to peak I1 invertase in the leaves was similar to that obtained for leaves from plants grown at 20°C (Figs. 1B and 1D ; Table 1 ). Rescue leaves grown at low temperature may possibly have contained relatively more peak I11 invertase than did those grown under warm conditions.
The three types of invertase from Rescue leaves contained active fractions with isoelectric points similar to those from the corresponding fractions found earlier in Kharkov 22 MC leaves (31) . The peak I invertases of both varieties were a mixture of a large amount of acidic protein (PI = 3.5-4.8) with a smaller amount of basic protein (PI = 8.7). Since cold-grown Kharkov 22 MC leaves contained a large amount of those peak I invertases with acidic isoelectric points, it was possible to refocus the acidic peak I invertases; however, the peak I invertases from warmgrown Kharkov 22 MC leaves and from Rescue leaves grown either at 20°C or 4 6°C were not recovered after refocusing because they were originally present in quite small amounts. The isoelectric points (pIYs 4.2, 4.3, and 4.8 chiefly) of the peak I1 invertases from the leaves of both varieties grown under both conditions were similar. Because peak I11 invertase is not very stable and is present in small amounts in warmgrown leaves, insufficient data were obtained to determine if the isoelectric points of peak I11 invertases from warm-grown plants were similar to those from cold-grown plants (PI = 8.5). However, the one sample analyzed from warmgrown Kharkov 22 MC suggested that this was SO.
Discussion
Although the ratio of peak I to peak I1 invertase was found to be rather variable, the data show that the proportions of the different forms of invertase present in the leaves of Kharkov 22 MC wheat changed when the growing temperature of the plants dropped. A great increase in high-molecular-weight invertase (peak I) relative to medium-molecular-weight invertase (peak 11) occurred in the leaves of this cold-hardy variety when the plants were grown under hardening as compared with non-hardening conditions. This change in the forms of invertase present was not greatly affected by the age of the young plants when harvested. Light was not an important factor in controlling the development of the particular pattern of invertases in the plant since the pattern characteristic of warm-grown plants was similar in low light intensities and in the more variable high light intensities of the greenhouse. Rescue, a wheat variety that develops little cold-hardiness at low temperatures, did not show this great increase in high-molecular-weight invertase when grown under hardening conditions. This suggests that the large increase in high-molecular-weight invertase in Kharkov 22 MC is associated with the coldhardening process. In both Kharkov 22 MC and Rescue, the proportion of peak I11 invertase usually appeared to increase when the growing temperature was dropped. This change in the ratio of peak I1 to peak I11 invertase does not appear to be involved in the cold-hardening process since it occurs in both the cold-hardy and cold-sensitive varieties. In this respect, it is like the change in peroxidases reported earlier (29) .
The cause of much of the variability of the ratio of the amounts of peak I to peak I1 invertase in the plants is not known. Part of the variability probably arises from the need to arbitrarily choose a baseline when determining the areas under the peaks.
It is of interest to comDare these results with those reported in the lierature for potatoes. Potato tubers show an increase in invertase when stored at 4OC. Together with this increase, they develop two additional minor invertases (33) . They do not show a dramatic change in the proportions of the forms of invertase present nor do they cold-harden greatly. Initially after transfer to 4"C, potatoes show a major increase in the ratio of total invertase to ~roteinaceous invertase inhibitor, but this ratio s;bsequently falls as the reducing sugars accumulate in the cold (23, 24) . The data on wheat and potatoes suggest that temperature changes may result in changes in the proportions of proteins present in higher plants
In wheat, the significance of the increase in the proportion of high-molecular-weight invertase (peak I) for the development of coldhardiness is a matter for speculation until more is known about the chemical nature of this form of invertase. The very high apparent molecular weight ( > l o 7 ) of peak I invertase and the presence of carbohydrate in this fraction suggest that peak I invertase either is a glycoprotein or is adsorbed on a carbohydrate.
If peak I invertase is mostly glycoprotein, then the addition of covalentlv bonded carbohydrate to the invertase could be involved in cold-hardening. The addition of carbohydrate to the molecule may modify the stability of the invertase. Yeast invertase shows increased stability with increased carbohydrate content (1, 9, 40) . If peak I invertase is the result of adsorption of protein to carbohydrate, then an increase in a special form of carbohydrate capable of adsorbing proteins may be involved in cold-hardiness. Olien (19, 20, 34) has suggested that special pentosans in the cell walls of cold-hardy cereals are involved in modifying ice formation and protecting the plants against frost damage. The mucous envelope secreted by antarctic limpets seems to serve a similar purpose (10) . The carbohydrate side chains of glycoproteins could serve a similar function (8, 25, 35) especially if the glycoproteins were located in the cell wall.
Whether the forms of invertase discussed in this report are in the outer space or associated with the cell wall is unknown. In yeast most of the invertase is located in or just underneath the cell walls (2, 13, 18, 22, 36, 38, 41) . Between 20 and 30% of the invertase in Neurospora is bound to or entrapped within the cell wall (5, 6) . Invertase is associated with the cell wall fraction or outer space in several species of higher plants (3, 4, 7, 11, 14, 15, 16, 21, 37, 39) . Both soluble invertases and those that can be easily removed by centrifugation from crude juice preparations of wheat leaves show different apparent energies of activation depending on the temperature at which the leaves were grown (28) . This suggests that the soluble enzymes may be similar to the insoluble ones. If some of the invertase of wheat is really located in the cell walls, then changes in plant cell walls may be involved in the coldhardening process.
